A previous study using cumulative genetic risk estimations in multiple sclerosis (MS) successfully tracked the aggregation of susceptibility variants in multi-case and single-case families. It used a limited description of susceptibility loci available at the time (17 loci). Even though the full roster of MS risk genes remains unavailable, we estimated the genetic burden in MS families and assess its disease predictive power using up to 64 single-nucleotide polymorphism (SNP) markers according to the most recent literature. A total of 708 controls, 3251 MS patients and their relatives, as well as 117 twin pairs were genotyped. We validated the increased aggregation of genetic burden in multi-case compared with single-case families (P ¼ 4.14e À 03) and confirm that these data offer little opportunity to accurately predict MS, even within sibships (area under receiver operating characteristic (AUROC) ¼ 0.59 (0.55, 0.53)). Our results also suggest that the primary progressive and relapsing-type forms of MS share a common genetic architecture (P ¼ 0.368; difference being limited to that corresponding to ±2 typical MS-associated SNPs). We have confirmed the properties of individual genetic risk score in MS. Comparing with previous reference point for MS genetics (17 SNPs), we underlined the corrective consequences of the integration of the new findings from GWAS and meta-analysis.
Extensive epidemiological and laboratory data confirm that genetic variation is an important contributor to risk in multiple sclerosis (MS), a chronic and severe neuro-inflammatory disease that is seen most commonly in Whites of northern European descent. 1 As with many other multifactorial diseases, genomewide association studies (GWAS) have been highly successful in identifying genomic regions associated with susceptibility. To date, multiple MS GWAS have been completed, and between them have identified nearly 60 susceptibility genomic regions. Given the limited power of this approach to identify rare variants, it is unsurprising that the majority of these associations relates to variants that are common in the general population. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The significant enrichment for genes with annotated immunological functions is supported by multiple statistical measures 4, 14 with only a minority of the candidate genes implicated by these associations having bona fide neuronal functions independent of inflammation. The strongest signal consistently maps to the HLA-DRB1 gene in the class II region of the major histocompatibility complex (MHC, 6p21.3). Extensive overlap with susceptibility markers for other autoimmune diseases has been well established, 15, 16 and follow-up experiments provided important mechanistic insights linking associated variants in IL7R, IL2RA, CD58, TNFRSF1A and TYK2 (refs 17-21) to their functional consequences. These results significantly broaden our understanding of etiology but the full potential of these data to model an individual's lifetime disease risk remains unknown.
A previous attempt to use cumulative genetic risk estimations in MS suggested a higher aggregation of susceptibility variants in multi-case compared with single-case MS families, but resulted in incomplete affectation status classification accuracy. [22] [23] [24] A number of factors could have contributed to the low sensitivity of the genomic burden metrics, including the limited description of susceptibility loci available at the time (17 loci). Even though the full roster of MS risk genes remains unavailable, we build on the most recent data sets 4, 25 to estimate the genetic burden in MS families and assess its disease predictive power. We validate the increased aggregation of genetic burden in multi-case compared with single-case families and confirm that these data offer little opportunity to accurately predict MS, even within sibships. We also provide additional genetic evidence for the absence of any meaningful difference in the genetic burden between the primary progressive and relapsing-type forms of MS.
RESULTS

Distribution of MS genetic burden (MSGB) scores in multi-case and single-case MS families
The genetic risk captured by the MSGB score was higher in the probands and parents from the multi-case families compared with those with unaffected first-degree relatives (P-values for probands ¼ 4.14e À 03, P for mothers ¼ 1.16e À 02 and P for fathers ¼ 3.13e À 02) ( Figure 1 and Table 1 ). These results are consistent with those we reported previously using just 17 markers 23 and in line with the increased genetic information conferred by the inclusion of additional MS-associated singlenucleotide polymorphisms (SNPs), which affords more statistical significance when compared with controls. Using the maximum number of MS risk variants genotyped in the University of California San Francisco (UCSF) samples, we did not observe any indication of balancing aggregation (Supplementary Figure 1) , meaning that neither the presence of the homozygous major risk factor (HLA-DRB1*15:01) nor female status results in any trend toward lower accumulation of the other non-MHC genetic risk variants. However, power computations suggest that we would need B2.5 times as many samples to reach 80% power for detecting an one-sided statistically significant difference of half the one observed between the group of HLA-DRB1*15:01 homozygous female and the group of HLA-DRB1*15:01-negative males. So this negative observation is not unexpected.
To further assess the effect of the additional information content on the individual risk, we plotted MSGB 17SNPs (previous reference point for MS genetics) vs the new part of MSGB 64SNPs (most up-to-date MS Genetics MSGB 64SNPs minus previously used MSGB 17SNPs ) using UCSF samples typed for SNPs required for preparation of both MSGB scores (Figure 2) . Surprisingly, this analysis yielded a statistically significant negative correlation in both, cases and controls (rho ¼ À 0.16 in cases P ¼ 2.82e À 10 and rho ¼ À 0.31 in controls P ¼ 9.81e À 17). It shows that our knowledge of MS genetic not only grows in number of regions identified but also refines the association signal in previously identified regions. Several factors are likely to contribute to this correlation. First, the lack of confirmation for CD226 and GPC5 in the recent GWAS 4, 25 suggest that the previous analyses may have been confounded by the inclusion of unassociated variants. In line with the winners curse, the effect sizes were reduced for 13 SNPs but increased for only 2 (HLA-DRB1 and EVI5). In two regions (IL2RA and the MHC), we included some degree of genetic heterogeneity with multiple SNPs capturing second signals. Furthermore, updating the MSGB model with the latest results obtained with independent samples from these family collections not only resulted in the addition of lower effect-size common genetic variants but also tended to replace the low-frequency variants with more common ones at the previously identified genomic Figure 1 . MSGB score differentiates multi-case from single-case MS in UCSF families. The distribution of MSGB is presented using box plots. MSGB is computed using components derived from gender, MHC and non-MHC SNPs. Gray dots represent the MSGB of an individual subject. Groups separated by dotted lines (probands, mothers of probands, fathers of probands and unrelated controls) are divided into multi-case and single-case samples. Spouses of patients were considered genetically unrelated controls. Sample sizes are indicated at the bottom of each box plot. UCSF samples with available MSGB scores for both MSGB 17SNPs and MSGB 64SNPs are included. For MS patients, probands of the family data set and cases in the case-control data set are enrolled.
Negative correlation between MSGB 17SNPs and new part of MSGB (MSGB 64SNPs À MSGB 17SNPs ) were seen for both MS patients and controls but controls had significantly stronger negative correlation than patients. Figure 3 ). In this analysis, data from 57 markers were available (Supplementary Table 1 ). As expected, MS twins have higher MSGB compared with controls (P ¼ 1.14e À 09 vs MZ twins pairs and P ¼ 1.92e À 06 for DZ pairs). In green, MSGB contrasts are computed using the gender, MHC and non-MHC SNPs components. In orange, MSGB contrasts are computed using the MHC and non-MHC SNPs components. In red, MSGB contrasts are computed using the only the non-MHC SNPs components. In blue, MSGB contrasts are computed using the gender and the MHC components. In brown, MSGB contrasts are computed using the MSGB values of the previously published study (Gourraud et al.
23
) only for UCSF samples of families and case-control data set. The inset corresponds to the distribution of MSGB in probands from UCSF, French and Cambridge multi-case and singlecase families and in unrelated UCSF controls, using box plots. Sample sizes are indicated at the bottom of each box plot. The P-value corresponds to the test that the MSGBs of probands are greater than MSGBs of controls (Wilcoxon's test). AUC, area under the curve; HLA, human leukocyte antigen.
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Given the limited power of this data set, it is unsurprising that we saw no statistically significant difference in MSGB score when comparing concordant with discordant monozygotic twins (P ¼ 0.81, estimated power ¼ 30%), nor between discordant dizygotic twins (P ¼ 0.24, estimated power ¼ 61%).
In siblings of the same sibship, having a greater or equal MSGB 56 SNPS than the proband is significantly associated with MS with an odds ratio (OR) ¼ 2.10 (1.4, 3.1) (conditional logistic regression P ¼ 1e À 04, 348 informative pedigrees, 804 individuals) (Figure 4a ). However, this statistically significant association had very little predictive value in the sibship. Figure 4b displays the receiver operating characteristic (ROC) curves corresponding to the MSGB2 sib-proband contrast and confirms that contrasting MSGB in MS sibships is statistically significant but not suitable for prediction: The AUROC (area under ROC) areas is 0.58 (0.55, 0.62), whereas the contrasting MSGB in sibling results only in AUROC areas between 0.5 and 0.6. (AUROC 0.59 (0.55, 0.53) for MSGB 56SNPs including HLA and gender, and 0.58 (0.54, 0.62) for non-MHC SNPs only). In siblings, the full MSGB risk score does not appear to do better than HLA-DRB1*15:01-tagging SNP and gender alone (P ¼ 0.97 Hanley test (not shown)). In the general population, on the other hand, the full MSGB 56SNPs does better than HLA and gender only (AUROC ¼ 0.75 (0.73, 0.77) vs 0.72 (0.69, 0.73) P ¼ 1e À 4)). However, the scores fail to reach the high specificity values that would be required for the prediction of a relatively rare condition such as MS in the general population.
Interestingly, using this updated version of genetic risk score, we confirmed the lack of differences in MSGB between progressive (PP (primary progressive) þ PR (progressive relapsing), n ¼ 182) and relapsing-type (CIS (clinically isolated syndrome) þ RR (relapsing remitting) þ SP (secondary progressive), n ¼ 1914) MS ( Figure 5 ) (P ¼ 0.368). However, classical statistical methods are primarily developed to establish the statistical significance of a difference, the non-significant P-value of P ¼ 0.368 do not provide correct statistical evidence to claim for similarity of MSGB scores. We therefore used equivalence testing and found that primary progressive MS and relapsing-type MS have similar scores. This difference being limited to that corresponding to ±2 typical MSassociated SNPs (equivalence test P ¼ 5.1e À 03). It means that if different, the MSGB scores in PP MS and RR MS differs of less than the contribution of two risk alleles. Taken together, these results confirm that primary progressive and relapsing-type MS share the same underlying genetic architecture.
DISCUSSION
MS is a prototypic multifactorial disease in which susceptibility is determined by polygenic inheritance. Over the last 5 years, large and multi-center DNA collections have been successfully established and the application of the hypothesis-free GWAS approach has resulted in remarkable progress in identifying the non-HLA genetic components of MS genetic risk. The most recent multi-center collaborative GWAS involving 9772 cases of European descent collected by 23 research groups working in 15 different countries replicated nearly all of the previously GWAS-suggested associations together with the identification of 29 novel susceptibility loci. 4 Understanding how these associated alleles exert their effects on risk constitutes a priority in MS genetics. We used the most updated genetic data to build a genetic profile associated with the cumulative genetic risk measured by the probability of an individual having MS.
We have confirmed previously obtained results (17 MSassociated SNPs) with the updated version of the MSGB scores using up to 64 MS markers. Our observations are as follows: (1) individuals from multi-case families have a greater MS genetic load than members of single-case families; (2) association of MSGB with disease co-occurrence in sibships is highly significant and yet, of limited power in terms of disease-prediction; (3) we confirmed the similarity of genetic load in primary progressive MS and relapsing-type MS. While the significance of any comparison between MS family members and healthy controls increases with the addition of the recently identified SNPs in the MSGB score, the current results further highlight the limited discriminative power of common alleles when patients and their relatives are being compared. Whereas a greater MSGB in siblings of MS patients was associated with an increased risk of MS, the ROC curves of MSGB differences between probands and sibs show that case-control status prediction using 56 rather than 17 markers did not really increase the predictive value of genetic risk score. The predictive power of genetic burden scores in the population is challenged by the false positive signal generated by common alleles, which by definition, are neither specific of MS patients nor they are for MS families. Interestingly, as suggested by the striking similarity of the distribution of MSGB score when comparing the relapse type of MS (CIS, RR, SP) to the progressive forms of MS (PR, PP), the normality test significance in patients with MSGB 64SNPs do not suggest that genetic risk score would support the existence of etiologically heterogeneity in MS. Similarly, the analysis of the residuals in the negative correlation reveals no evidence of new subgroups patients that could account specifically for the newest genetic risk discovered. In addition, no multi-modal distribution of the score supports a high predictive power of genetic risk score for a small proportion of strongly genetically predisposed patients.
Modeling of the potential multiple non-independent contributions of variants within several regions will certainly require more elaborated genetic risk score computations than the log-additive model presented in this study. This particularly applies to current knowledge in the MHC region, underlying the need of full HLA characterization. Our current findings are based on a relatively simplistic modeling of the MHC contribution to MS risk. Much information may be lost by using just two SNPs partially tagging for HLA-DRB1*15:01 and HLA-B*44. It underlines that the logadditive model inherited from GWAS has limited power to describe complex genotype risk hierarchies, including dominant and recessive models of association. Finally, allelic heterogeneity is an established feature of polygenic inheritance 26 and it seems likely that many of the MS-associated loci will ultimately prove to contain additional risk allele associations. The information of the 56-marker model is barely any greater than that explained by the 17 SNP model. Unremarkably, most of the classification accuracy comes from the variables with larger effects included in the model (gender and HLA-DRB1*15:01). These variables with large effects account for most of the information, and the number of associated SNPs that would need to be added to significantly increase the information captured and thereby improve the classification accuracy is substantial. Unfortunately, while adding variants to the model increases the mean difference in the MSGB score between cases and controls, it also increases the variance in this score, that is, the extent to which the distribution of the scores may overlap. Given the absence of significant disease linkage signals outside of the MHC, it is unlikely that large-effect rare variants (OR42) remains undetected after high-density GWAS.
With several large-scale replication and genome-wide scans currently going on, one must expect the list of MS-associated genomic regions to continue its exponential growth. Our results on the correction and enhancement of the MSGB 17SNPs (2010-2011) to account for novel discoveries underline the risk for excess fitting of the data. In this study, we used historic familial data sets that were used in the first generation of GWAS, which could suggest that previously reported MSGB associations were slightly inflated. The accumulation of new variants will slowly increase the power of genetic risk score for the genetic study beyond susceptibility and will most likely require large multi-center efforts.
However, the need for summarizing the wealth of information represented by hundreds of disease-associated regions reinforce the need to further develop genetic risk score models with parameters emerging from the most replicated results of the literature. These will be of great importance when studying quantitative phenotypic traits such as age of onset, progression or response to treatment.
MATERIALS AND METHODS Subjects
Subject recruitment occurred at four centers, two in the United States (University of California San Francisco and University of South Carolina (USC)), one in France (French Network for MS Genetics) and one in the United Kingdom (University of Cambridge) ( Table 2 ). The study was approved by the corresponding Institutional Review Board or ethics committee, and written informed consent was obtained from all study participants.
DNA samples from 3251 MS patients and some of their relatives were available in each data sets. A group of 708 controls DNA (including 253 familial controls and spouses of probands) from UCSF were also included using stringent inclusion and exclusion criteria as previously described. 23 We first used the full UCSF cohort familial data set, consisting of 422 multicase families in which at least one first-degree relative of the affected proband also had clinically definite MS, and 807 'single-case' families in which the affected individual reported no known history of MS in any family member. The study also included 551 samples from a French familial Definition of multicase family is as follows: UCSF and French group defined it as families with at least one affected first-degree relative of the affected proband, while Cambridge defined it as families with more than one affected individuals with no degree-related limitation. In the analysis of the comparison of the MSGB scores according to disease course shown in Figure 5 , UCSF PPMS patients were included in addition to the patients in the multi-case and single-case families. In total, 1914 patients with relapsing-type MS (CIS þ RR þ SP) and 182 primary progressive MS patients (PP þ PR) from UCSF and French group are enrolled in the analysis.
Genetic burden in multiple sclerosis N Isobe et al data set (134 cases with reported first-degree relative with MS and 417 without), and 1042 samples from University of Cambridge (253 with reported family history of MS and 789 without). Families or cases with ambiguous records of co-occurrence were omitted from the study. Diagnostic criteria and ascertainment protocols of patients were similar for all data sets and are summarized elsewhere. 27, 28 In addition to sib pairs from the familial data sets, a collection of 117 twin pairs from USC and UCSF were also studied (24 concordant monozygotic twins, 47 discordant monozygotic twins, 10 concordant dizygotic twins, 36 discordant dizygotic twins; Supplementary Table 4) .
SNP genotyping
Sixty four MS-SNPs were genotyped using either individual TaqMan assays or the TaqMan OpenArray genotyping technology (Life Technologies, Carlsbad, CA, USA). MS-SNPs were selected from the latest GWAS 4 and meta-analysis. 25 Samples were loaded into customized TaqMan OpenArray genotyping plates with the OpenArray Autoloader and amplified in a Dual Flat Block GeneAmp PCR System 9700, as recommended by the manufacturer. The OpenArray Genotyping Analysis Software and the Taqman Genotyper Software were used for assigning genotypes.
Quality control
SNPs had to meet several criteria to be included in the analysis: o10% missing genotypes, Hardy-Weinberg proportion test P40.001 in controls, and no significant SNP call rate differences between patients and controls (P40.001) ( Table 2 ).
MSGB statistics
The MSGB score was computed based on a weighted scoring algorithm using independent 64 MS-SNPs, typically one in each genomic region of interest. This method extends the log-additive models used in previous analyses 23 with weights given to each SNP based on its effect size as reported by odds ratios in the largest GWAS and meta-analysis 3, 4, 25 (Supplementary Table 1 for markers and equation). Briefly, the computation of the MSGB cumulative genetic risk scores follows a log-additive model. It corresponds to the trend test typically used in the literature to identify SNP associated with MS susceptibility. In the weighted genetic risk score, the log of odds ratio associated to the presence of a single dose of risk allele is added to the score of each risk allele carried by the subject. For example, on the presence of one allele of HLA-DRB1*15:01 would add 1.089 (log(OR ¼ 2.97)) to the MSGB score; or, for a typical MS-associated SNP such as the IL7R SNP rs6897932 in IL7R, one risk allele would add 0.104 (log(1.11)). Where possible, missing values are substituted by proxy SNPs that tag the primarily identified risk SNPs (Supplementary Table 2 Table 1 ). When SNPs were not included in one of the centers, the risk SNP was excluded; therefore MSGB score do not account for this risk component in the analysis and the exact number of SNPs used for computation is indicated in subscript (for example, MSGB 64SNPs , MSGB 57SNPs and MSGB 56SNPs ; details are in Supplementary Table 1 ). The minimum number of SNPs genotyped in common is 56. Mean and s.d. of the score are given in Table 2 . To facilitate comparison with previous model, gender was optionally included in the score and assigned an odds ratio (OR) of 1.6 as a lower bound of sex ratio observed in epidemiological longitudinal studies. 23 To identify the specific effects on familial aggregation of the MHC component of MS risk, we also computed a non-MHC version of the score without contribution from HLA-DRB1*15:01 and HLA-B*44 (see primary and associated proxy SNPs in Supplementary  Tables 1 and 2 ). Statistical test used are indicated in the legends of the tables and the figures. ROC curves were computed to assess the predictive power of MSGB scores in identifying affectation status in patients and controls, which represent the various false positive and false negative rate of quantitative metric for all possible cutoff thresholds. s.e. were computed using the Hanley method. When power computation are presented, expected difference between the group of patients of the comparison is set to half of the gap observed between all the cases and controls.
